ABSTRACT
association
STATs2 (signal transducers and activators of transcription) (1-3) reside in the cytoplasm or on the cytoplasmic face of the cell membrane in a latent, hypophosphorylated form, sometimes preassociated with receptors. After ligand binding and activation of many receptors, the Src homology region 2 (SH2) domains of STATs bind to receptor phosphotyrosines, after which the STATs are phosphorylated themselves. Phosphorylated STATs dimerize through reciprocal SH2-phosphotyrosine interactions and translocate to the nucleus, where they bind to specific DNA elements, stimulating transcription of the downstream genes. At present, the sequences of six mammalian STAT family members have been reported (see ref 3 and references therein). All STATs have SH2 domains near their carboxyl termini and a specific tyrosine residue near position 700 that becomes phosphorylated during activation.
Many growth factors and cytokines activate STATs (see Table  1 ; more complete lists are found elsewhere: refs 2 and 3). STATs 1, 3, and 5 are each activated by several different ligands (Table 1 and ref 3) , whereas STAT2 and STAT6 (known also as IL-4 STAT) are more highly specialized, having been implicated only in IFNa/ and interluekin 4 (IL-4) signaling, respectively (1, 4) . STAT4 is expressed only in a limited number of myeloid cell types, such as activated T cells and developing spermatogonia (5) . STATs were first described as components of interferon (IFN) signaling, and many receptors that activate JAKs and STATs belong to the cytokine receptor superfamily (6) . However, more recent work has shown that STATs are also involved in transducing signals initiated by other receptor subtypes, including receptor tyrosine kinases (see below) and the G-protein-linked angiotensin II receptor (7) . Thus, it is not surprising that, to accommodate the diversity of ligands and receptors that activate STATS, several different mechanisms have evolved to maintain the specificity of gene regulation.
JAK-DEPENDENT STAT SIGNALING FROM

CYTOKINE RECEPTORS
Many cytokine receptors lack intrinsic kinase catalytic domains (2, 6, 8, 9) . Instead,they couple ligand binding to tyrosine phosphorylations by using noncovalently associated protein tyrosine kinases, the Janus kinases or JAKS (1) (2) (3) (10) . Only the carboxylterminal domain contains conserved sequences, which are required for protein kinase activity (6) . The catalytically inactive amino-proximal kinase motif appears to play primarily a structural role, as its deletion renders Tyk2 inactive (11 several other homologous regions in the amino-terminal sequences of the JAKs have been implicated in interactions with various cytokine receptors (6, 12) . The initial evidence demonstrating a central role for JAKs in transducing signals by cytokine receptors came from genetic studies of IFN-cz-stimulated signaling, where it was shown that the inability of mutant cell line U1A to respond to IFNaI3 could be rescued by complementation with a cDNA encoding Tyk2 (13) . Subsequently, other members of the JAK family have been shown to mediate signaling by IFN and other cytokines (see Table 1, ref 3  and references therein). However, many of these assignments rely on evidence for JAK-receptor association or phosphorylation and activation of JAKs in response to particular ligands. These correlations do not prove that the JAKs are required for signaling, and they may not be in all instances.
JAKs bind to membrane-proximal boxi and box2 motifs in cytokine receptors (6, 14) STAT (1, 3, 5) 1580 Vol. (Fig. 1) .
STAT-RECEPTOR INTERACTIONS
Recently,the IFNAR2-2 subunit of the IFN-a receptor has been shown to be essential for IFN-a signaling (50 (68) . Surprisingly, the converse situation also occurs: some genes activated by IFN-y depend on ISREs and not GAS elements for transcriptional induction, which is probably mediated by a transcription factor formed by a STAT1 homodimer and p48 (69). 
TRANSCRIPTIONAL
RESPONSES TO GROWTH FACTORS
Growth factors stimulate the coordinate activation of a variety of factors that bind to distinct DNA elements.
Precise spatial and temporal coincidence is probably necessary to bring these factors into proximity with the basal transcriptional machinery in order to promote initiation of transcription.
For immediate early genes such as c-fos, several different DNA elements are involved in transcriptional regulation by growth factors. Although activation through any one of these elements may provide a modest increase in gene expression, coordinated activation through most (56) if not all (77) of the elements may be necessary for full induction. In the c-fos promoter, the primary target for Ras-dependent signaling is the well-defined serum response element (SRE), which binds to the ubiquitous serum response factor (SRF) (78; Fig. 3) . SRF serves to recruit other transcriptional regulators, which may differ depending on the mode of signaling.
In response to activation of Ras-Raf-ERK pathways, SRF binds to ternary complex factor (TCF), an Ets domain-containing family of proteins
of Jun amino-terminal kinase (JNK) -mediated pathways (80) also lead to transcriptional activation of e-fos. These pathways may induce efos via either TCF-dependent or -independent mechanisms (56) . In addition to the SRE, an AP1/ATF site, proximal to the SRE, is known to be occupied eonstitutively and may play a role in the response to certain stimuli.
Unfortunately, the nature and regulation of the factor (or factors) binding to this element
have not yet been characterized.
It is now clear that STATs can bind to a specific DNA element in the c-fos promoter, located distally to the SRE and known as the c-sis-inducibhe element (SIE). Most extracellular signaling proteins stimulate multiple, overlapping pathways, which combine to regulate expression of many genes, including c-fos. Kinase cascades that activate Erk-dependent pathways (through activation of Ras or Rac/RhoA) or other kinase-dependent pathways (including iNK-dependent pathways) impinge primarily on the SRE. STAT-dependent pathways, on the other hand, affect the SIE. Coordinated activation through both of these elements in concert with activation through other regulatory elements, such as AP1/ATF, which are less well characterized, is required for maximal c-fos induction. (77) (91) and hepatic serme protease inhibitor 2.1 (92) and the induction of n-casein by prolactin (93) are likely to be mediated through STAT-dependent mechanisms, although the relative contributions of other regulatory elements have not been rigorously examined.
STAT binding elements fused to minimal promoters are poorly transactivated in response to growth factors, whereas the same elements provide strong enhancement of reporter gene transcription in the context of other transcription factor binding sites (56; and our unpublished data). In response to IFN, however, such minimal reporter constructs generally display moderate to strong induction (56) . Thus it appears that, in some cases, STATs interact poorly with the basal transcription machinery and instead exert their effects through other transcriptional regulators.
There is evidence that STAT3, an alternatively spliced form of STAT3, can cooperate with Jun to activate a reporter gene regulated by a minimal promoter contain the two binding sites (94) . Future experiments will probably establish more examples and details of cooperation between STATs and other transcription factors. 
CONTRIBUTIONS OF STATS TO PHYSIOLOGICAL RESPONSES
